Flow visualization and aerodynamic force measurements were conducted in order to investigate the flow phenomena around the wing of a hovering dragonfly. Two pairs of 4-bar linkage mechanisms were installed in a flapping model and driven by a stepping motor. The fore-and hindwing have a phase difference angle of 180°. The stroke amplitude, pitch angle and incidence angle of the model were 75°, 0-90° and 60°, respectively. A wing beat frequency of 0.087 was chosen, and the corresponding Reynolds number was 2.0×10 3 based on the forewing. Each wing generated LEV at the start of downstroke and the LEV was developed and maintained on the upper surface of the wing. Aerodynamic forces were also generated in the downstroke motion in all cases. When the wings stroke together, the LEV on the hindwing was deformed by the forewing, and the forces on the hindwing are lower than in the hindwing only cases. These results indicate that the wing-wing interaction have a negative effect on the generation of aerodynamic forces.
Introduction
nsects possess excellent flight performance, better than any other flight vehicles on Earth, and dragonflies have some of the top of the performances among them. Instantaneous accelerations of 25G, long-term hovering flight and a maximum cruising speed of 60 km/hr are only possible for dragonflies. These super-maneuverable insects are no doubt of interest for applications in high performance MAV (Micro Air Vehicle) and are always attractive to many scientists, biologist and engineers for this reason. Many studies of insect flight have been performed to clarify its physical processes and characteristics in an effort to apply them to MAV design as bio-mimetic mechanics. They have researched varying subjects such as the methods of aerodynamic force generation and their characteristics, changes of the flow structures due to flapping motion, static and dynamic stability however; insect flight performed in various flow fields complicates these studies.
Actually, insect flight is completely different from the other typical flight vehicles. Their wings flap very fast and they maneuver very freely. The above mentioned things complicate solving problems with unsteady and low Reynolds number flow fields. It is especially, difficult to study the flight of a dragonfly which has two independently-controlled pairs of wings. In 1985, Somps and Luttges [1] studied the mechanism of aerodynamic lift production in dragonfly flight. They measured lift forces for twenty-one real dragonflies, Libellula luctuosa and discovered a large lift force and a correlation between the lift generation and the vortex-dominated unsteady flow fields through flow visualization. Maybery and Lehmann [2] also studied dragonfly wings. They used model wings driven by six computer-controlled servo motors in order to study the flow structure around the tandem wings and the interaction with respect to phase difference angle between the fore-and the hindwing. They reported that the aerodynamic characteristics caused by the mutual roles of each wing called 'wing-wing interaction' are induced by the disruption of the LEV (Leading Edge Vortex) structure on the hindwing and local flow vectors near each wing dominated the effects in lift production. In 2004, Isogai et al. [3] computed Navier-Stokes equations numerically and obtained simulation results, which fit the observed aerodynamic characteristics well. Since then, Yamamoto and Isogai [4] carried out additional experiments in order to validate the reported simulation results [3] by using a mechanical dragonfly model. They reported that the measurement results indicate only a small interaction between fore-and hindwings in hovering flight. Sun and Lan [5] investigated the aerodynamic force generation and mechanical power requirements of a dragonfly, Aeschna juncea, in hovering flight. They applied a process of moving over set grids in order to solve Navier-Stokes equations numerically and reported that the interaction between the fore-and hindwings is not strong and that the vertical forces on the fore-and hindwings were reduced 14% and 16%, respectively. In 2007, Lu et al. [6] studied wing-wing interaction through dye flow visualization by using an electromechanical model in a water tunnel and reported that the interaction was detrimental to the LEV attachment on the wing. Meanwhile, Lu et al. [7] presented that the LEV consisted of a dual vortices structure via PIV visualizations. The above results by Lu et al. [6] also mentioned dual LEVs structures.
Previous studies present that wing-wing interaction has no connection with enhanced aerodynamic force generation. Moreover, reported results until now indicate that the wing-wing interaction negatively affects the generation of aerodynamic forces. In fact, most researchers who investigate and observe insect flight expected the reason for the high performance of dragonflies is due to handling flows around a body through freely controlled tandem type wings. In the present study, the aerodynamic force measurement and dye flow visualization were performed in order to obtain the physical meaning of the hovering flight of a dragonfly. We also tried to investigate the method of aerodynamic force generation and the effect of the wing-wing interaction.
Experimental setup and procedure
According to observed results, wings move complicatedly including flapping and rotating at each end of the strokes (pro-and supination). Therefore, well known models were driven by several servo or stepping motors which were controlled by C++ and MATLAB® [2, 8] programs. The above models have the great advantage of mimicking flight motions exactly but, the costs are very high, and the mechanisms are too heavy and complex for applying to MAV design. In the present study, the model wing is composed by a pair of RSSR (where R and S stand for revolute and spherical, respectively) spatial 4-bar linkage systems creating a wing which moved as sinusoidal position angles based on ideas from Han et al. [9] . For the tandem wing type such as the wings of a dragonfly, the model wings consisted entirely of two-pairs of the 4-bar linkages with a single motor. Figure 1 (a) shows the dragonfly-type half model and several parts. The body of the model and the several linkages were made out of aluminum-alloy, AL7071 and the joints and gears were made out of plastics in order to prevent them from rust in the water. The optimum length of each connecting-rod and crank were calculated by using known codes written by MATLAB (Mathworks, Inc.) and the connecting-rods have different lengths due to the different pitching angles, 30° and 60° at the upstroke and the downstroke, respectively. The phase difference angle between each crank was fixed as 15°. The difficulty in studying dragonfly flight with typical insects is that there are too many variables to consider in an experiment. Not only kinematic similarity options such as stroke angle, pitching angle, incidence angle and dihedral angle, but also geometric options had to be considered. We referred to another research results by Kim and Choi [10] , who investigate the aerodynamic forces on 2-Dimensional tandem wings in order to decide on the values of several variables. According them, the best lift production is shown with an incidence angle of 60° and the distance between each wing of 1.5C (where C means mean chord length of forewing). Consequently, the stroke (flapping) angle of the model wings is 75°, the pitching angle (angle of attack) changes from 0 to 90° and the incidence angle (stroke plane) is fixed as 60° based on the parallel plane. The above mentioned things are shown in figure 1 (b).
The wing planform was based on the dragonfly, Aeschna juncea, which was reported by Norberg [11] and applied to the numerical study of Sun and Lan [5] . Laser cut 3mm thick acrylic glass is used for the wing platforms. The aspect ratios of fore-and hindwing are 5.50 and 4.22, respectively. A water tank was also employed in the present study in order to satisfy the condition of low Reynolds number. Water possesses about 800 times the density of air but, its kinematic viscosity has lower values than air, so an aqueous environment plays a 10 times amplifier role for the force measurement. The tank is able to hold approximately 1 ton of water and was manufactured considering the wall-effect reported by Dickinson et al. [8] . Figure 2 shows a schematic of the experimental setup.
Yamamoto and Isogai [4] reported a technique for obtaining the forces and torques from measured bending moments by using a pair of strain gauges which were tandem located on the cantilever beam. Based on the above technique [4] , the load cell in the present study was constructed to measure the normal force on the wing surface. The strain gauges (1-LE11-3/350Z, HBM, Germany) are located at the wing root to measure the normal force and connected to a strain amplifier (STA-1000, Scaletron) which inserted dummy resistances for the quarter-bridge. The simultaneous sampling supporting DAQ board (NI-6143, National Instruments) is employed in order to acquire the forces and period pulses. The period pulses were generated by a photo sensor and dot laser system. A hole for passing a dot laser is drilled on the body and the photo sensor is inserted in the hole. When the connecting-rod passes by the hole vertically, the laser signal is blocked. Consequently, three channels were used for the force measurement.
Vector analyzing processes are necessary to decompose the vertical (lift) and horizontal (drag) force. Equation (1) and (2) explain the vector analysis for the extraction of the vertical and horizontal forces.
The automation program codes which performed the above processes were written by MATLAB® (Mathworks, Inc.) and applied in this study. Instantaneous wing position angles, additional necessary data in order to extract each force, such as stroke angle and pitching angle were calculated using reported equations [9] instead of being measured. This was based on the assumption that the motor was driven with a constant angular velocity. Although this assumed analysis involves the probability of increasing uncertainty or added-errors, the reduced gear equipped stepping motor guaranties a constant angular velocity, and the observed results show a good fit with the real motion with high accuracy.
Pipes with an outer diameter of 1mm were inserted in the leading edge of the wings at the section of 50% and 80%. The wing frames were made of yellow acrylic glass and blue and red inks were injected from the fore-and hindwing for high visibility, respectively. The injector was designed to control and maintain the dye injection speed. An estimated Reynolds number of dye based on the inner diameter of pipe is under 10 in order to prevent the jetflow of dye. Fuji Finepix F810 digital cameras were installed at the parallel plane of intersection between the foreand hindwing in order to take several shots and movies and confirm the wing-wing interaction. Six sets of 1.3kW halogen lamps were used as light sources and a 100mm by 100mm grid was placed on the wall. All photos of the visualization results in this paper are snapshots which were extracted from the movie files from the digital camera.
In hovering flight, the Reynolds number is defined as follows equation (3) and vertical and drag horizontal force coefficients were described as equation (4), which are the same general equations except the freestream is replaced with the mean wing tip velocity. 2 
Re
Where, subscript V and H stand for the vertical and horizontal direction. Reynolds number of about 1,350 was applied in the study of Sun and Lan [5] and was also calculated to be about 2,200 based on the reported data from Norberg [11] . The present model has a center of rotation 80mm from the wing root and the wing beat frequency is fixed as 0.0868Hz. Therefore, the Reynolds numbers in the present study were 2.0×10 3 based on the conditions of water temperature of 15.1°C and the mean chord length of forewing of 34.48mm. Data were repeatedly acquired over 300 times for accuracy and stopped after the ensemble average converged. In order to obtain the quantitative variation of the wing-wing interaction, the force measurements and the flow visualizations were performed in four cases: the forewing only, the hindwing only, the forewing with hindwing and the hindwing with forewing. Figure 3 and 4 show the force coefficients on the forewing and the hindwing. In each figure, (a) and (b) indicate the vertical force coefficients (C V ) and horizontal force coefficients (C H ), respectively. The cases where the wing moves alone and the wings move together were expressed as blue circles and green squares for comparison. Because each wing has an advanced rotation [8] which strokes from upstroke, rotates before the end of the stroke, and downstrokes, the alternations of each coefficient appeared differently at the end of each stroke, nevertheless, the tendencies of the coefficient are very similar and compare to the results by Sun and Lan [5] . Figure 3 shows that the vertical force coefficients in cases where the wings move together have slightly lower values than the each wing only cases. These findings especially appeared at the downstroke and quantified loss of the vertical force on each wing has 7.5% and 7.6%, respectively. Sun and Lan [5] reported the loss of the vertical forces were calculated as 14% and 16%. The results in the present study have a slight difference from the results by Sun and Lan [5] due to different wing kinematics, however it's still acceptable and could be explainable as 'the interaction between foreand hindwings is not very strong and is detrimental to the vertical force generation' [5] . The wing-wing interaction affects the horizontal force generation as well as the vertical forces. However, in contrast to the wing-wing interaction which evenly reduces the vertical force generation, most of influence by the wing-wing interaction was focused on the hindwing and the forewing was barely affected by the wing-wing interaction. Losses of the horizontal forces on each wing were calculated as 0.4% and 19.6%, respectively. It's estimated that the higher influence on the hindwing is related to downwash direction and the LEV location on each wing. 
Results and Discussions

. Horizontal force coefficients in a period
The hindwing cases, which are shown in figure 4 , indicate lower levels compared with figure 3 which shows the forewing cases. Note that the area of the hindwing is 1.23 times that of the forewing. Generated forces on the forewing and the hindwing are measured as similar levels. The coefficient for the total generated forces is expressed as equation (5), which is corrected for the different wing area.
Where, subscript f and h stand for the forewing and the hindwing, respectively and S also stands for the surface area of the wing. Figure 5 shows that the comparison for total forces generated by two wings, and (a) and (b) show the vertical and the horizontal forces coefficients, respectively. The fore-and hindwing move maintaining a phase difference of 180°, the forewing upstrokes and the hindwing downstrokes during non-dimension time of 0 to 0.5, and then the forewing downstrokes and the hindwing upstrokes during non-dimension time of 0.5 to 1. In figure 5 (a), the tendencies of the two cases do not have any unusual distinction. However, in the interaction case, the two peaks of the vertical force coefficient in each half non-dimension time are shown to have a more similar value compared to the individual case. The center of gravity of dragonflies is located between the two wings; this phenomenon explains how the wing-wing interaction facilitates hovering flight. The mean values of the vertical coefficient were calculated as 0.676 and 0.624, and the loss by wing-wing interaction was calculated as 7.56%. In conclusion, these facts mean that the change of the aerodynamic characteristic by the wing-wing interaction is insignificant and the wing-wing interaction is not for the enhanced forces generation, but for improved stability in hovering flight. Figure 6 shows the LEV structures on the hindwing. Figure 6 (a) shows LEV in a condition of local Reynolds number of 1,280 when the dye was injected at 50% section, and figure 6 (b) also shows it in a condition of local Reynolds number of 1,860 at 80% section. Lu et al. [7] observed the flow structure around the flapping wing by using the PIV and discovered dual LEVs. They choose various parameters such as pitching angles, Reynolds numbers and aspect ratios, and reported that "Insensitive to AR, a dual LEV system such as this could be created when pitching angle and Reynolds number reached certain high level." We couldn't find a dual LEVs structure directly, but estimate the dual LEVs through the coherent structure, which is known showing up in the shear flows as shown in figure 7 . Figure 7 describes the coherent vortex structures and the velocity profile. Where F and S' stand for focus and the saddle point of vortex. Meanwhile, according to Lu et al. [7] , the spanwise flow runs through the saddle point between dual LEVs, it's estimated that the spanwise flow in the present study begins to appear in range of the Reynolds number between 1,280 and 1,860. Figure 8 shows the change of the flow structure when the wings passed by each other in order to observe the phenomenon of wing-wing interaction. Note the change of LEV structure on the hindwing. At the non-dimension time of 0.8, which is shown in figure 8 (b) , the hindwing downstrokes with attached large and strong LEV on the upper surface. At the non-dimension time of 0.85, as in figure 8 (c) , the LEV on the hindwing was deformed and disrupted by the forewing, which was in the motion of upstroke. Therefore, figure 8 can explain why the decrement of the hindwing was higher than the forces on the forewing, but these structures just partially describe the decrement of the aerodynamic forces. In other words, figure 8 cannot offer the enough evidence to explain the total decrement of the forces, which appeared almost throughout the duration of downstroke. As represented in figure 3 (a) , the decrement sections on the forewing appeared at the crossing of each wing, but deforming of the LEV on the forewing by upstroking hindwing was not observed. Moreover, the decrement on the hindwing appeared when the wing started downstroke, as in figure 3 (b) , however the deformation of the LEV on the hindwing, which was influenced by the forewing, occurred at the non-dimension time of 0.8. It's estimated the reasons are due to the local flow vectors [2] and induced downwash. Namely, when the insects or other typical vehicles carry out hovering, the downwash generation maintaining its own weight is indispensable and carries with the induced flows of the bottom direction. This means that the relative downstroke velocity is declined by large induced flows.
Conclusions
Aerodynamic force measurements and visualizations were carried out to investigate the flow phenomena on hovering dragonflies. The model was constructed of two pairs of linkages to imitate the flapping motion of dragonflies with a single motor, and the model wing platforms were based on Aeshna juncea. Force measurement techniques through extracting information from bending moments [4] , and dye flow visualizations were conducted. In a Reynolds number of 2.0×10 3 , the forces on fore-and hindwing were measured in individual and interaction cases. Compared with the individual cases, the wing-wing interaction caused a decrement of the aerodynamic forces. Most of losses of force appeared at the downstroke, and the hindwing is influenced more by the wing-wing interaction than the forewing. Quantified losses of the vertical forces on each wing are measured as 7.5% and 7.6%, and the horizontal forces are also measured as 0.4% and 19.6%, respectively. In total force, the sum of each individual wing generated irregularly vertical forces compared to the interaction case. It's estimated that the wingwing interaction is not for enhanced force generation, but improved stability in hovering flight. Visualization results indicate several features. In case of the hindwing only, a coherent structure in certain high Reynolds numbers was found and estimated the dual LEVs structure and the spanwise flow among them. Each wing generated the LEV at the start of the downstroke and the LEV was developed and maintained attachment. In conditions where the wings interacted with each other, the deformation of the LEV structure on the hindwing, caused by the intersection of the fore-and hindwing was confirmed by using dye flow visualization. However, these results do not show enough to explain the decrements of the aerodynamic forces on each wing. It's estimated that the induced downwash by each wing and existence of the local flow vectors of the downward direction [2] near by wing explain the force decrements at the downstroke.
